An increase in total homocysteine (Hcy) levels (protein-bound and free Hcy in the serum) has been identified as a risk factor for vascular diseases. Hcy is a product of the methionine cycle and is a precursor of glutathione in the transsulfuration pathway. The methionine cycle mainly occurs in the liver, with Hcy being exported out of the liver and subsequently bound to serum proteins. When the non-specific adenosine receptor agonist 5'-N-ethylcarboxamide-adenosine (NECA; 0.1 or 0.3 mg/kg body weight) was intraperitoneally administered to mice that had been fasted for 16 h, total Hcy levels in the serum significantly increased 1 h after its administration. The NECA treatment may have inhibited transsulfuration because glutathione levels were significantly decreased in the liver. After the intraperitoneal administration of a high dose of NECA (0.3 mg/kg body weight), elevations in total Hcy levels in the serum continued for up to 10 h. The mRNA expression of methionine metabolic enzymes in the liver was significantly reduced 6 h after the administration of NECA. NECA-induced elevations in total serum Hcy levels may be maintained in the long term through the attenuated expression of methionine metabolic enzymes.
fonbenzofurazan, ammonium salt (SBD-F) were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).
Animal Treatments
Male mice (ddY strain, 4 weeks old, 20 -25 g) were purchased from Japan SLC and maintained for a 1-week acclimation period prior to the start of the experiments under the following conditions: laboratory food (MF, Oriental Yeast Co., Ltd., Japan) and water were provided ad libitum, with a 12-h light: dark cycle (8:00 to 20:00 light/20:00 to 8:00 dark). In all experiments, food was withheld from the animals starting at 18:00 for 16 h prior to the administration of NECA. Seven experiments were performed using the NECA treatment. Details of the NECA treatment methods have been described previously [19] . Briefly, after the fasting period, mice were intraperitoneally (i.p.) administered NECA (0.1 mg/kg in 1 mL saline/100 g body weight: NECA0.1 group, or 0.3 mg/kg in 1 mL saline/100 g body weight: NECA0.3 group) and blood and livers were collected 1, 3, 6, or 10 h later under ether anesthesia. In all experiments, control mice were administered an equivalent volume of saline (1 mL saline per 100 g body weight). In all experiments, blood from the descending aorta was obtained under ether anesthesia, and allowed to clot for 15 min at room temperature and a further 30 min at 4˚C. Serum was then prepared by centrifugation at 5000 rpm for 10 min and stored at −80˚C for later analyses. Tissue samples were collected, immediately frozen in liquid nitrogen, and stored at −80˚C until analyzed. All animal experiments were performed in accordance with the Kobe Gakuin University Guidelines that were approved by the Committee on the Ethics of Animal Experiments in that institution.
RNA Preparation and Hybridization Analysis
Total RNA was extracted using the acid guanidine thiocyanate-phenol-chloroform method [20] . Details of the northern hybridization method have been described previously [23] . The liver-specific MAT1A gene has two transcripts due to the presence of two promoters for this gene. The expression of the main transcript was detected with the MAT1A1st probe. A 3'-noncoding region fragment was used as a non-liver-type methionine adenosyltransferase 2A (MAT2A)-specific probe because the MAT2A sequence of the coding region was similar to that of MAT1A. The MAT1A1st fragment [24] , MAT2A-specific fragment (1673 to 1868 bp of cDNA fragment GenBank accession No. AB070266), GNMT fragment (251 to 779 bp of cDNA fragment GenBank accession No. BC014283), CBS fragment (297 to 1099 bp of cDNA fragment GenBank accession No. BC 013472), BHMT fragment (1409 to 1854 bp of cDNA fragment GenBank accession No. NM_016668), and 18S rRNA fragment were labeled using [α-32 P]dCTP and a Random Primer DNA Labeling Kit Ver. 2.0 (Takara Shuzo, Japan) and then used as probes for northern hybridization.
Measurement of Methionine Metabolites
AdoMet and AdoHcy levels in the liver were measured using an HPLC method [25] and total GSH in the liver was measured using a microtiter plate assay [26] , as described previously [23] . Total Hcy and total cysteine levels (total Cys: free and protein-bound cysteine) in the serum were measured using an HPLC method [27] . Briefly, a mixture of 50 μL of serum, 25 μL of an internal standard, and 25 μL of phosphate-buffered saline (PBS, pH 7.4) was incubated with 10 μL of 100 mg/mL TCEP for 30 min at room temperature in order to reduce and release protein-bound thiols. After this incubation, 90 μL of 100 mg/mL trichloroacetic acid containing 1 mmol/L EDTA was added for deproteinization, centrifuged at 15,000 ×g for 10 min, and 50 μL of the supernatant was added to a tube containing 10 μL of 1.55 mol/L NaOH; 125 μL of 0.125 mol/L borate buffer containing 4 mmol/L EDTA, pH 9.5; and 50 μL of 1 mg/mL SBD-F in the borate buffer. The sample was then incubated for 60 min at 60˚C. HPLC was performed on a Waters M-600 pump equipped with a Waters 2475 Multi λ Fluorescence Detector (385 nm excitation, 515 nm emission). The separation of SBD-derivatized thiols was performed on a μ-BONDASPHERE C18 column (Waters, 5 μm, 100 A, 150 × 3.9 mm) with a 20-μL injection volume and 0.1 mol/L acetate buffer, pH 5.5, containing 30 ml/L methanol as the mobile phase at a flow rate of 1.0 mL/min and column temperature of 29˚C.
Statistical Analysis
All data are expressed as the mean ± the standard error of the mean (SEM). The unpaired Student's t-test was used to compare NECA-treated groups to the control groups. All statistical analyses were performed using the statistical software package Prism Ver. 5.0 (GraphPad Software, Inc., USA).
Results

Effects of NECA on Total Hcy and Total Cys Levels in the Serum
As shown in Table 1 , serum total Hcy and total Cys levels significantly increased after 16 h of fasting. The administration of a low dose of NECA (NECA0.1 group) to mice fasted for 16 h resulted in higher serum total Hcy levels than those in the control group at 1 h (Experiment 1). Serum total Hcy levels were also significantly elevated at 3 h (Experiment 2), but were not significantly different from those in the control group at 6 h (Experiment 3). The administration of a high dose of NECA (NECA0.3 group) resulted in significantly higher serum total Hcy levels than those in the control group at 1 h, 3 h, 6 h, and 10 h (Experiments 4, 5, 6, and 7), gradually increasing Hcy levels to 19.7 μM. The effects of NECA on serum total Cys levels were the same as those on total Hcy levels. 
Effects of NECA on Other Methionine Metabolite Levels in the Liver
We previously reported that fasting for 16 h decreased AdoMet and GSH levels, and increased AdoHcy levels in the livers of mice [23] . In the present study, as shown in Table 2 , the administration of a low dose of NECA (NECA0.1 group) to mice fasted for 16 h resulted in lower liver GSH levels than those in the control group at 1 h (Experiment 1). Liver GSH levels were also significantly lower at 3 h (Experiment 2), while GSH levels were not significantly different from those in the control group at 6 h (Experiment 3). The administration of a high dose of NECA (NECA0.3 group) resulted in liver GSH levels that were significantly lower than those in the control group at 1 h, 6 h, and 10 h (Experiments 4, 6, and 7) . The effects of NECA on total Hcy levels in the serum and GSH levels in the liver were similar at each dose and time. Furthermore, the low and high doses of NECA both led to significantly higher AdoMet levels than those in the control group at 1 h (Experiments 1 and 4). AdoMet levels at 3 h, 6 h, and 10 h were not significantly different from those in the control group (Experiments 2, 3, 5, 6, and 7). AdoHcy levels were significantly lower in the NECA0.3 group than in the control group 6 h and 10 h after the administration of NECA (Experiments 6 and 7) , while the administration of a low dose of NECA had less of an impact on AdoHcy levels. Figure 1 shows changes in the mRNA expression of methionine cycle enzymes in Experiments 4, 5, and 6. The expression of methionine cycle enzymes did not significantly change 1 h after the administration of NECA. The expression of MAT1A mRNA was significantly decreased in the liver 6 h after the NECA treatment, while that of MAT2A was increased. The changes observed in the expression of MAT in the present study were consistent with previous findings obtained in ischemic livers [18] or with liver regeneration [28] . The expression of GNMT, which eliminates excess AdoMet, was significantly decreased 6 h after the NECA treatment. The expression of CBS, which converts Hcy to cystathionine through the transsulfuration pathway, and BHMT, which converts Hcy to methionine, was also decreased at 6 h. 
Effects of NECA on mRNA Expression of Methionine Cycle Enzymes in the Liver
Discussion
In the present study, an increase in total Hcy levels and AdoMet levels, and decrease in GSH levels occurred 1 h after the NECA treatment. These results were not due to changes in the expression of methionine metabolic enzymes, which remained unchanged 1 h after the NECA treatment (Figure 1) . The effects of NECA on methionine metabolism are summarized in Figure 2 . No previous study has demonstrated that adenosine has the ability to directly affect CBS; however, the overproduction of carbon monoxide (CO), which is generated by heme oxygenase (HO), is found to inhibit transsulfuration [11] . CO has been shown to inhibit CBS activity and increase AdoMet concentrations [11] . Adenosine and NECA were previously reported to markedly induce HO in macrophages [29] . Hcy, which is a substrate of CBS, may be increased by NECA via the CO-induced inhibition of CBS, and GSH may be decreased by the CO-induced inhibition of transsulfuration. However, the mechanism by which NECA affects transsulfuration in the short term has not yet been elucidated. GSH was maintained at a low level for up to 10 h by the NECA0.3 treatment and transsulfuration may have been continuously inhibited by the NECA0.3 treatment. Total Hcy levels were also continuously increased for up to 10 h by the NECA0.3 treatment, and decreased AdoHcy levels were observed 6 h and 10 h after the NECA0.3 treatment. Long-term elevations in serum total Hcy levels by NECA may be maintained by attenuating the expression of methionine metabolic enzymes via the following mechanisms: The expression of methionine metabolic enzymes in the liver was reduced 6 h after the NECA0.3 treatment (Figure 1) ; the flow of the methionine cycle may have been decreased by changes in the expression of MAT (decreased liver-specific MAT1A expression and increased non-liver type MAT2A expression) because MATIII (Km for methionine: 215 μM -7 mM) is the true liver-specific isoform responsible for methionine metabolism [30] and the generation rate of AdoMet by MATII (non-liver type enzyme) was modest with a low Km (80 μM for methionine) [31] ; inhibition of the methyltransferases, BHMT [32] and GNMT [33] , induces hyperhomocysteinemia; decreases in AdoHcy levels may be caused by reductions in methyltransferase levels. However, the mechanisms by which NECA continuously increased total Hcy levels have not yet been elucidated in detail.
Conclusion
The present study confirmed that the non-specific adenosine receptor agonist NECA continuously increased total Hcy levels in the serum. The inhibition of adenosine receptors may decrease the risk of cardiovascular diseases because an increase in serum total Hcy levels is a known risk factor.
